Introduction
In layered devices formed by heteroepitaxial growth of Si-Ge or compoundsemiconductor alloys on substrates with a different lattice parameter, structural relaxation of the overlayer occurs through the formation of interfacial misfit dislocations [l-31. It is desirable to maximize the degree of relaxation during this process, and it is critical to limit the propagation of dislocations into the device-containing region of the overlayer. Indeed, the latter constraint has limited the range of epitaxial structures available for advanced, bandgap-engineered materials [4,5].
In the present investigation, we examined the influence of microscopic cavities on the behavior of dislocations in semiconductor heteroepitaxial structures. This study was motivated by the possibility that an anticipated strong attraction between the dislocations and open volumes could be exploited to control dislocation movement. Formation of cavities in Si and Ge was previously achieved by ion-implanting He and then annealing to induce diffbsion of the gas from the specimen, leaving a layer of nanometer-size voids [6-81. In the present study, we employed He implantation to form thin interfacial cavity layers in SiGe-onSi heterostructures. Moreover, by using a variation of the method, we successfully addressed the greater challenge of forming stable cavities in GaAs and in InGaAs-on-GaAs. Observations of the evolution of dislocation and cavity microstructures in He-implanted Si, Ge, and SiGe-on-Si revealed a variety of effects of cavity-dislocation binding, and these were interpreted using theoretical models. Our results also indicate that interfacial cavities strongly promote nucleation of misfit dislocations. The consequences of these phenomena for strain relaxation in heterostructures and for the resultant defect microstructure were examined in the model SiGe-on-Si system, and wider implications were drawn. Figure 1 shows a representative He implantation profile in Si, calculated using the Monte-Carlo range code TRIM [9] . When Si is implanted at room temperature under these conditions and then annealed for 30 minutes at 7OO0C, causing diffusion of most of the He from the specimen [6, lo], a layer of cavities results, as seen in the cross-section transmission electron microscopy (TEM) image of Fig. 2a . Such cavities are highly stable in Si: further annealing at temperatures extending above 1100°C produces coalescence and enlargement, and diminishes other implantation-related defects including dislocations, but does not disrupt the overall integrity and localization of the void-containing layer. When cavities are used as dislocation traps in the interfacial region of heterostructures, it is desirable to restrict the depth distribution more narrowly than in Fig. 2a . This can be achieved by exploiting the fact that the threshold He concentration for cavity nucleation is appreciable, being about 2 at.% in Si [8]. As a result, implanting smaller He concentrations reduces the width of the layer. The concept is illustrated by scaling the He implantation profile of Fig. 1 progressively downward in concentration, corresponding to smaller implantation doses, while defining the width of the cavity layer as the distance between the intercepts with a horizontal line at 2 at.%. The predicted narrowing is confirmed in experiments, as illustrated by the cross-section TEM image in Fig. 2b .
Cavity Formation
The depth distribution of interfacial cavities can be tailored to an even greater degree by implanting the He at lower energies during a temporary interruption of the growth of the epitaxial overlayer. In order to implement this procedure, we incorporated an ion gun into the chamber used for molecular-beam epitaxy. An example of the microstructure obtained is shown in Fig. 3 . 
Theoretical Consideration of Dislocation-Cavity Interactions
Cavities are expected to attract dislocations as a result of two effects: first, the strain energy associated with the elastic distortion field about the dislocation disappears within the open volume and is also reduced in the immediate vicinity of the cavity by relaxation; additionally, when the dislocation core intersects the cavity, the effective core energy is greatly reduced. In order to estimate the strength of this interaction, we developed an approximate theoretical treatment of the energies involved. Our approach was guided by a full, analytical treatment of the influence of cavities on strain fields in three relatively simple geometries: 1) a spherical cavity centered within a radially distorted spherical solid, 2) a long cylindrical cavity along the axis of a long cylindrical solid that is radially distorted, and 3) a similar cylindrical configuration with an externally imposed contortion that, in the absence of the cavity, would produce uniform planar shear with the cylindrical axis lying in the plane of the shear. The equations governing the strain displacement field and the means of their solution in such high-symmetry situations have been discussed elsewhere [ 1 1,121.
A key finding from the above case studies is that the increase in total strain energy, AW, caused by moving a cavity fiom a strained region into an unstrained zone is comparable to the algebraic sum of two more easily calculated quantities: the post-transfer strain energy of the material occupying the original cavity volume, A W , and the negative of the work, AWs, that would be done by the lattice strain against the surface tension of the cavity wall if that lattice strain were unchanged by the presence of the cavity. The ratio AW/(AWvAWs) is not strongly dependent upon the strain environment of the cavity, the value being -2 for the cases that were solved filly. (The departure fiom unity arises fiom the contortion of the non-rigid cavity volume and surrounding material.) Hence, in modeling more complicated conditions where an exact solution is not feasible, we estimated the strain energy by first calculating AWv-AWs by numerical volume integration and then applying a correction factor of x2. In accord with well established practice [3, 11] , the core energy of the dislocations was artificially incorporated into the elastic-strain integral by extending this integral inward to a small radius of b/4, where b is the length of the Burgers vector.
The characteristics of the dislocation-cavity interaction are illustrated in Fig. 5 , which shows binding energy as a function of the distance, R, of a screw dislocation from the center of a spherical cavity of 10-nm radius within Si, as calculated using the above approximate theoretical approach. (There is no influence of cavity surface tension here, AWs = 0. Within the approximations of our model, the surface tension does not couple to the purely shear strain induced by the screw dislocation.) The binding energy is seen to be large, reaching about 800 eV when the dislocation passes through the center of the cavity. The attraction is short-range, however, with binding energy varying as R-2 and force as R-3 for large R. The interaction of an edge dislocation is more complicated but shares these two characteristics.
The combined influences of a dense cavity layer and the external surface on a dislocation are exemplified in Fig. 6 , where the calculated strain energy associated with a screw dislocation in Si parallel to the surface is plotted as a function of the distance, X, of the dislocation fiom the surface. The assumed cavity volume fraction as a function of depth was chosen to conform to the TEM micrograph of Fig. 2a and is also shown. The cavities were treated mathematically as a continuous distribution of open volume, and the effect of the external surface was introduced through a mirror-image dislocation strain field [ll] . This figure exhibits the relatively large size of the surface attraction, and also its long range, with the effective force on the dislocation varying as X-1. There is a depth interval of metastability for dislocations within the cavity layer, but a dislocation-fiee zone is predicted to occur between the cavities and the surface. Both features are evident in Fig. 7 , where the microstructure of Fig. 2a is imaged with the dislocation strain fields in strong contrast. . Calculated strain energy of a screw dislocation in the vicinity of the surface and ~r cavity layer similar to that in Fig. 2a . 7 Fig. 7 . Dislocations localized within a cavity layer in Si. Helium was implanted at 3OkeV to a dose of 1x1017 cm-2, and the specimen was subsequently vacu&-annealed for 30 minutes at 700°C. The strain fields of the dislocations are in dark contrast.
Cavity-Dislocation Microstructures and Strain Relaxation in Si-Ge
Ion implantation of He and the resultant formation of cavities produce dislocations in Si and Ge even in the absence of pre-existing misfit strain, and E M reveals a clear affinity of these dislocations for cavities. In Fig. 7 , this affinity is evidenced by the overall localization of dislocations within the cavity layer in Si. Figure 8 shows an enlarged image obtained after a similar cavity-formation treatment of Ge. Here, the larger size and smaller number of cavities allow a more detailed examination, and the intersection of dislocations with cavities is apparent. The microstructural characteristics in these two figures are consistent with the strong binding of dislocations to cavities seen in Fig. 5 and with the predicted positional metastability within the cavity layer exhibited in Fig. 6 . Fig. 8 . Cavities and dislocations in Ge. Helium was implanted at 50 keV to a dose of 1 x 1017 cm-2, and the specimen was subsequently vacuum-annealed for 1 hour at 700°C. The strain fields of the dislocations are in dark contrast.
The interaction of misfit dislocations with interfacial cavities in relaxed SiGe on Si is illustrated in Fig. 9 , which shows cross-section and plan-view TEM images in which both the cavities and the dislocation strain fields are in contrast. In this case, the He was injected into the interfacial region of a fully grown and initially unrelaxed heterostructure, which then underwent relaxation and cavity formation during annealing at 900°C. In contrast to the regular, crossed arrays of nearly straight misfit dislocations that are observed in the absence of cavities, the misfits here are seen to undergo substantial lateral excursions in order to intersect the cavities and thereby reduce strain and core energies. Similar behavior was observed in a heterostructure whose SiGe growth was interrupted at a thickness of 50 nm for in-situ He implantation at a lower energy, as seen in Fig. 10 .
Because of the relatively short range of the cavity-dislocation binding, the large influence on misfit dislocations seen in Figs. 9 and 10 requires that the depth of the cavity layer coincide with that of the interface. The result of noncoincidence is seen in Fig. 11 , where the cavities lie several tens of nanometers beneath the interface. The plan-view image in Fig. 1 l b shows that, while non-misfit dislocations within the cavity layer are bound to the cavities, the misfit array itself is largely unaffected. The introduction of an interfacial cavity layer substantially accelerates the relaxation of misfit strain in SiGe-on-Si heterostructures during annealing. This effect is seen in Table  1 , which compares the fractional relaxation of initially fully strained SiGe on Si with and without an interfacial cavity layer after three vacuum heat treatments. The overlayer was grown by chemical vapor deposition to a thickness of 140 nm, and its composition was SiggGe14, implying a lattice mismatch of approximately 0.5 %; the conditions of He implantation were the same as those leading to the microstructure of Fig. 9 . In the case of the one-hour anneal at 9OO"C, the extent of relaxation is at least fifty times greater when cavities are present. Two contributions to this difference are conceivable: 1) nucleation of misfit dislocations at the cavities and related defects, and 2) more rapid propagation of the misfits as a result of their reduced formation energy in a region containing cavities. The size of the latter effect can be estimated by calculating the opposing driving forces due to the overlayer-' misfit strain and the energy expenditure required for formation of misfit dislocations [3] ; under the conditions in question, this yields a relatively small increase of 510% in the relaxation rate. Hence, we conclude that the observed large increase resulted predominantly fiom enhanced nucleation. The relaxed microstructure of the SiGe-on-Si heterostructure is influenced by interfacial cavities in several ways. First, as seen from the comparison of cross-section TEM images in Fig. 12 , dislocations in the vicinity of the interface are confrned more closely to the interface when cavities are present. Second, residual threading dislocations in the cavitycontaining material usually cross directly to the surface, rather than having extended segments parallel to the surface as is observed in the absence of cavities. The areal density of the threads is not significantly changed by the cavities, however, being approximately 7x109 cm-2 for the conditions of Fig. 12 . Finally, relaxation of the heterostructure without cavities gives rise to thickness variations of -10 nm, whereas no such undulations were found when the cavities were present. These effects are ascribed to the attraction of dislocations to the cavity layer and to the more prompt relaxation due to easier nucleation of dislocations. Fig. 9 . The specimens were finally vacuum-annealed for 1 hour at 1000°C. The arrows in (a) point to dislocations extending into the Si substrate and lying parallel to the surface within the SiGe layer.
Discussion and Conclusions
This work demonstrated that a narrow band of cavities is readily introduced into the interfacial region of SiGe-on-Si heterostructures by means of He ion implantation and annealing, either during growth or afterward. These cavities strongly bind dislocations, as theoretically predicted and experimentally observed. The He-implanted Iayer also serves as an effective nucleation source for misfit dislocations, thereby increasing the rate of stress relaxation by more than an order of magnitude. The relaxed microstructure is improved by the cavities, which lead to better confinement of dislocations at the interface, less lateral extension of residual threading dislocations, and less development of overlayer thickness variations during the relaxation process. In the present studies, however, the areal density of threads was not found to be reduced by the cavities.
In this initial investigation, we did not examine the interplay of cavities with compositionally graded buffer layers, which have been shown to reduce threading-dislocation densities significantly [13, 14] . The combined influence of two such potent perturbations of dislocation behavior would appear to warrant study in the future. The present experiments were also limited to SiGe-on-Si heterostructures that were laterally uniform over millimeter distances, so that strain relaxation without macroscopic movement of material required the propagation of threading dislocations or other shear-accommodating imperfections through the overlayer. As a result, the observation of residual threads within the overlayer, with or without cavities, is not surprising. This consideration suggests that cavity effects should also be investigated in two types of structure not examined here: 1) lateral networks of cavities designed to trap the threads within restricted zones; and 2) mesas with lateral dimensions in the micrometer range, where cavity-assisted thread propagation to the edge, and perhaps even cavity-related plastic compliance without any passage of imperfections through the overlayer, are conceivable.
Our studies showed that stable cavity layers can also be introduced into GaAs and InGaAs on GaAs, although more elaborate procedures are required to overcome the susceptibility of these materials to flacture during heating after implantation. The effects of the cavities on dislocation behavior and on strain relaxation were not examined sufficiently to permit definitive conclusions, but the occurrence of processes paralleling those found in SiGe on Si is plausible.
The overall conclusions from this work are that cavities strongly influence dislocation behavior and strain relaxation in semiconductor heteroepitaxial structures and that these effects show promise for exploitation in devices. Realization of the potential benefits in enhanced relaxation and defect suppression will require further research, including the areas of study enumerated above.
Elements of this multifaceted work have been published [l5-18] , and it is intended that all aspects will ultimately appear in the literature.
